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Abstract 28 
Objectives: Contra-lateral routing of signals (CROS) devices re-route sound between the 29 
deaf and hearing ears of unilaterally-deaf individuals. This rerouting would be expected to 30 
disrupt access to monaural level cues that can support monaural localisation in the 31 
horizontal plane. However, such a detrimental effect has not been confirmed by clinical 32 
studies of CROS use. The present study aimed to exercise strict experimental control over 33 
the availability of monaural cues to localisation in the horizontal plane and the fitting of the 34 
CROS device to assess whether signal routing can impair the ability to locate sources of 35 
sound and, if so, whether CROS selectively disrupts monaural level or spectral cues to 36 
horizontal location, or both.  37 
Design: Unilateral deafness and CROS device use were simulated in twelve normal hearing 38 
participants. Monaural recordings of broadband white noise presented from three spatial 39 
locations (-60°, 0°, and +60°) were made in the ear canal of a model listener using a probe 40 
microphone with and without a CROS device. The recordings were presented to participants 41 
via an insert earphone placed in their right ear. The recordings were processed to disrupt 42 
either monaural level or spectral cues to horizontal sound location by roving presentation 43 
level or the energy across adjacent frequency bands, respectively. Localisation ability was 44 
assessed using a three-alternative forced-choice spatial discrimination task. 45 
Results: Participants localised above chance levels in all conditions. Spatial discrimination 46 
accuracy was poorer when participants only had access to monaural spectral cues compared 47 
to when monaural level cues were available. CROS use impaired localisation significantly 48 
regardless of whether level or spectral cues were available. For both cues, signal re-routing 49 
had a detrimental effect on the ability to localise sounds originating from the side of the 50 
deaf ear (-60°). CROS use also impaired the ability to use level cues to localise sounds 51 
originating from straight ahead (0°). 52 
Conclusions: The re-routing of sounds can restrict access to the monaural cues that 53 
provide a basis for determining sound location in the horizontal plane. Perhaps 54 
encouragingly, the results suggest that both monaural level and spectral cues may not be 55 
disrupted entirely by signal re-routing and that it may still be possible to reliably identify 56 
sounds originating on the hearing side. 57 
 58 
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1.1 Introduction  80 
Individuals who have access to hearing in one ear only, such as those with single-sided 81 
deafness (SSD), do not have access to the binaural cues that facilitate accurate localisation 82 
in the horizontal plane (Moore, 2012) and therefore display severely-impaired spatial 83 
hearing abilities (Coburn, 1982; Slattery & Middlebrooks, 1994). The acoustic diffraction of 84 
sound by the head (‘head-shadow effect’) can provide a basis for relatively crude 85 
judgements about the location of a sound based on its level when listening monaurally. 86 
Studies have also suggested that some monaural listeners adapt to use the effects of the 87 
outer ears (pinnae) on incoming sounds that are primarily a cue to vertical elevation 88 
(Wightman & Kistler, 1997) to distinguish sounds from different locations in the horizontal 89 
plane (Shub, Carr, Kong & Colman, 2008; Kumpik, Kacelnik & King, 2010; Rothpletz, 90 
Wightman & Kistler 2012). However, even with the use of these cues their localisation 91 
abilities remain severely-impaired relative to binaural listeners (Humes, Allen & Bess, 1980; 92 
Wazen, Ghossaini, Spitzer & Kuller, 2005). Substantial inter-individual variability in monaural 93 
localisation ability has been observed (van Wanrooij & van Opstal, 2004) that may relate to 94 
the presence of high-frequency hearing loss in the remaining ear (Agterberg, Hol, van 95 
Wanrooij, van Opstal & Snik, 2014).  96 
 97 
A common audiological intervention for those with SSD is a Contralateral Routing Of Signals 98 
(CROS) hearing aid (Harford & Barry, 1965; Kitterick et al., 2014). A CROS aid comprises two 99 
hearing aid-like devices. One aid is worn on the non-hearing ear and acts as a satellite 100 
microphone for the second aid worn on the hearing ear. The acoustic coupling of this 101 
second aid is selected to be as transparent as possible to minimise occlusion of the hearing 102 
ear. The aim of this re-routing of acoustic information is to provide the listener with greater 103 
access to sound by overcoming the head shadow effect, and in doing so to aid the ability to 104 
understand speech in background noise (Hol, Snik, Mylanus & Cremer, 2005). However, 105 
because the process of fitting a CROS aid attempts to minimise any differences in the 106 
acoustic signature of sounds located towards the non-hearing and hearing ears (Pumford, 107 
2005), it possible that a well-fit CROS aid could severely restrict the availability of monaural 108 
level and spectral cues. However, empirical research does not support this conclusion. 109 
 110 
Systematic reviews have identified six studies that have evaluated the impact of CROS use 111 
on localisation in the horizontal plane (Peters, Smit, Stegeman & Grolman, 2015; Kitterick, 112 
Smith & Lucas., 2016). Five of the six studies found no difference in localisation performance 113 
between monaural and CROS listening configurations (Arndt et al., 2011; Bosman, Hol, Snik, 114 
Mylanus & Cremers, 2003; Hol et al., 2005; Hol, Kunst Snik & Cremers, 2010; Niparko, Cox & 115 
Lustig, 2003). However, their small sample sizes limited their statistical power to detect 116 
changes in localisation (Kitterick, Smith & Lucas, 2016). Only one study found that the 117 
localisation abilities of CROS device users were significantly worse than those of monaural 118 
listeners (Lin et al., 2006). No study has differentiated between the effects of CROS on level 119 
or spectral cues. The conflicting nature of this evidence and the use of inconsistent methods 120 
for assessing localisation means that it is not possible to conclude whether CROS use impairs 121 
localisation ability or not (Kitterick, Smith & Lucas, 2016). 122 
 123 
As individuals with SSD rate spatial hearing as one of the most important listening skills that 124 
they would like to improve (McLeod, Upfold & Taylor, 2008), the current study aimed to 125 
resolve the question of whether CROS use affects localisation in the horizontal plane and if 126 
so, whether it disrupts the use of monaural level and spectral cues, or both. Although 127 
previous studies have demonstrated that acute effects of monaural listening on localisation 128 
can be induced by occluding one ear of normal hearing participants (McPartland, Culling & 129 
Moore, 1997; Kumpik, Kacelnik & King, 2010; Van Wanrooij & Van Opstal 2007; Irving & 130 
Moore, 2011), the current study used monaural recordings to simulate unilateral deafness 131 
to exercise precise experimental control over the CROS fitting methodology and to minimise 132 
individual variability in high-frequency hearing thresholds that could influence access to 133 
spectral cues (Agterberg et al., 2014). It was hypothesised that: 1) with training, participants 134 
would be able to discriminate sounds from three spatially-separated locations using both 135 
monaural level cues and spectral cues; 2) by eliminating any variability in CROS fitting across 136 
participants and by ensuring the sample size was sufficiently large to achieve adequate 137 
statistical power it would be possible to demonstrate that CROS use disrupts the availability 138 
of these monaural cues and can degrade localisation performance; 3) CROS-related effects 139 
would only occur when the device was switched on as they arise due to the re-routing of 140 
signals rather than any occlusion of the hearing ear. 141 
 142 
1.2 Methods and Materials  143 
1.2.1 Sample size 144 
The required sample size was determined based on an a priori power analysis conducted 145 
using G*Power software (Faul, Erdfelder, Lang & Buchner, 2007). Pilot testing with four 146 
participants suggested that the size of the effect of CROS use on monaural localization 147 
accuracy was 1.25 standard deviations based on the specific spatial discrimination task used 148 
in the present study. To detect an effect of this size with 95% power and at α=.05 using a 149 
paired-sample t-test would require 9 participants. To account for attrition across three 150 
testing sessions, 12 participants were recruited to allow for a 25% drop-out rate whilst still 151 
achieving the desired statistical power. 152 
 153 
1.2.2 Participants 154 
Twelve normal-hearing adults (mean age 21.6 years, range 19-24 years) were recruited to 155 
participate. All participants reported no history of hearing problems and had pure-tone 156 
average thresholds ≤20 dB Hearing Level (HL) bilaterally, averaged across octave frequencies 157 
from 125 to 8000 Hz inclusive (mean threshold 7.2 dB HL, range 1.4 to 11.8). Participants 158 
received financial compensation for their participation. The study received ethical approval 159 
from the School of Psychology, University of Nottingham and all participants gave informed 160 
consent prior to data collection. 161 
 162 
1.2.3 Stimuli recordings 163 
Monaural recordings were made of broadband noises presented from loudspeakers located 164 
at -60°, 0°, and +60° azimuth in an anechoic chamber, where negative angles denote 165 
locations to the left of straight ahead. The noises were generated using the Matlab software 166 
package (Mathworks, Natick MA) by generating 20-sec long samples of Gaussian-distributed 167 
random noise, calculating their fast Fourier transform (FFT), setting the amplitude of 168 
components lower than 200 Hz and above 12 kHz to zero, and finally calculating the inverse 169 
FFT. This specific range of frequencies was chosen as it represented the bandwidth over 170 
which it was possible to exercise control over the output of the loudspeakers in order to 171 
achieve a flat frequency response at the listening position (Seeber, Kerber & Hafter, 2010). A 172 
pre-emphasis filter was generated for each loudspeaker by recording Maximum-Length 173 
Sequences (MLS) (Rife & Vanderkooy, 1989) at the listening position; i.e. at the point 174 
equidistant from the three loudspeakers. The filters not only ensured a flat frequency 175 
response but also equalised the output levels of the loudspeakers and synchronised the 176 
arrival times of the first wavefronts at the listening position. The pre-emphasised noises 177 
were presented using an external audio interface (MOTU 24I/O) and power amplifiers 178 
(RA150, Alesis). 179 
 180 
Recordings of the noise stimuli were made in the right ear canal of a model listener using a 181 
probe tube microphone (Etymotic Research Inc. ER-7C Series B Clinical Probe Tube 182 
Microphone System) while they sat at the listening position. Therefore, the three spatial 183 
locations (-60°, 0°, and +60°) corresponded to the deaf side, the centre, and the hearing 184 
side, respectively. The microphone body was secured using a headband and the probe tube 185 
was inserted so that its tip was between 15-20mm from the entrance of the right ear canal. 186 
The signals were high-pass filtered (3-pole Butterworth filter with -1─dB cut-off at 20 Hz) 187 
and amplified (+40 dB gain) using a battery-powered pre-amplifier (G.R.A.S. 12AK 1-Channel 188 
Power Module). The conditioned signals were sampled at 44.1 kHz with 16-bit quantization 189 
using the same external audio interface. 190 
 191 
Three sets of monaural recordings were made. ‘Unaided’ recordings were made with the 192 
right-side ear canal open and unoccluded. The two additional sets of recordings were made 193 
while a Contra-lateral Routing of Signals (CROS) hearing aid system was worn by the model 194 
listener. The system comprised a CROS H2O satellite microphone and Cassia M H2O hearing 195 
aid (Phonak, Stefa, Switzerland), worn on the left and right ears respectively. The hearing aid 196 
was coupled to the ear canal using a slim tube and open dome to minimise occlusion, and 197 
had been fit according to manufacturer recommendations (see ‘CROS fitting’ section below).  198 
The probe tube of the microphone was inserted through one of the slits in the open dome 199 
while ensuring that the tip of the tube was positioned at least 4mm beyond the dome to 200 
avoid near-field effects. CROS-off and CROS-on recordings were made with the devices in 201 
place with the system switched off and on, respectively. 202 
 203 
1.2.4 CROS fitting 204 
The CROS hearing aid system used to make the CROS-off and CROS-on recordings was fitted 205 
to the model listener who wore it following the protocol described by the manufacturer 206 
(Phonak, 2015). The fitting was achieved by connecting the CROS device to Phonak Target 207 
software (version 3.2) through a Hi-Pro programming interface (Otometrics, Taastrup, 208 
Denmark). The fitting was verified using Real Ear Measurements (REMs) via the Unity 2 209 
fitting system (Siemens, West Sussex, UK). As the left ear was treated as the impaired ear, 210 
the satellite microphone (Phonak CROS H2O) was worn on that ear and the hearing aid 211 
(Phonak Cassia M H2O) was worn on the right ear. 212 
 213 
The process of fitting the CROS aid comprised three steps (Pumford, 2005): 1) A 214 
measurement was made of the response in the unimpaired ear (the right ear in this case) to 215 
a sound positioned 45° towards that ear without the CROS in place (Real Ear Unaided 216 
Response, REUR); 2) This response was re-measured but with the CROS system in place and 217 
turned on to confirm that the coupling did not effect a material change in the unaided 218 
response through occlusion (Real Ear Aided Response, REAR); 3) The REAR was measured in 219 
the right ear again but in response to a sound positioned 45° towards the other ear; i.e. 220 
towards the satellite microphone. The gain applied by the CROS aid was then adjusted to 221 
bring the response measured in step 3 to within 5 dB of the response measured in step 2 at 222 
250, 500, 1000 and 2000 Hz and to within 8 dB at 3000 and 4000 Hz, as recommended by 223 
the British Society of Audiology (2014). The observed differences between these two aided 224 
responses at each of the measured frequencies at the end of the fitting process is shown 225 
graphically in Figure 1. 226 
 227 
1.2.5 Procedure 228 
The Unaided, CROS-off, and CROS-on monaural recordings were presented to participants 229 
using an insert earphone (Etymotic ER 2) while they sat in an anechoic chamber. The output 230 
of the earphone was calibrated so that the recordings of noises from the centre location (0° 231 
azimuth) were presented at 55 dB SPL (A-weighted). This calibration was achieved by 232 
coupling the earphone to an artificial ear (Brüel & Kjær Type 4157) that was connected to a 233 
sound level meter (Apollo SINUS). The calibration apparatus was itself calibrated using a 1-234 
kHz 94-dB SPL calibration standard (Brüel & Kjær Type 4231). 235 
 236 
Localisation ability was assessed using a spatial discrimination task. On each trial, the three 237 
possible response locations (-60°, 0°, and +60°) were indicated by vertical lines on a 270° 238 
visual projection screen. The screen was created by hanging acoustically-transparent fabric 239 
directly in front of the loudspeakers. The viewing distance was 1 m and the vertical lines 240 
subtended a visual angle of 40°. Participants sat in a chair that was permanently fixed to the 241 
floor. A head rest was used to position the head in a consistent position relative to the chair 242 
and the screen, and to minimise head movements during stimulus presentation. Participants 243 
were instructed to keep their head pointed straight ahead throughout the testing process. A 244 
video camera was used to monitor compliance with these instructions. Participants were 245 
instructed to listen to each stimulus and to select the location from which the sound 246 
appeared to originate. Participants used a trackball to highlight one of the three possible 247 
response locations to indicate their response. One location had to be selected and 248 
participants were instructed to guess if they were not sure of their answer. An initial warm-249 
up task in which participants listened binaurally confirmed that participants understood the 250 
spatial listening task instructions and could respond with 100% accuracy using the trackball. 251 
 252 
Stimuli were generated by extracting 150-ms segments at random from the monaural 253 
recordings and applying 5-ms onset and offset raised-cosine ramps. The availability of 254 
monaural level and spectral cues was manipulated by processing these stimuli prior to 255 
presentation. The use of monaural spectral cues was disrupted by filtering the stimuli into 256 
ERBN-wide channels (Moore, 2012), roving the level of the resulting signals randomly over a 257 
20 dB range in 2-dB increments, and summing the roved signals. This roving range creates 258 
considerable uncertainty over the association between spectral content and source location 259 
(Wightman & Kistler, 1997) while preserving overall differences in level caused by the head-260 
shadow effect that were informative cues to sound location. Conditions that used these 261 
stimuli are referred to as ‘level cue’ conditions. In ‘spectral cue’ conditions, the use of 262 
monaural level cues was disrupted by roving the overall presentation level over a 20 dB 263 
range in 2-dB increments. The wide roving range disrupted the association between 264 
presentation level and location while preserving differences in spectral content that arose 265 
between stimuli from the three locations due to interaction with the head and pinna. 266 
However, due to the influence of the head-shadow effect on the original monaural 267 
recordings, the average level of stimuli originating from the simulated ‘deaf’ side (-60°) 268 
when presented to the hearing ear would still have been lower than that of stimuli 269 
originating from the hearing side (+60°). While it was unlikely that participants would have 270 
been able to detect and exploit this subtle difference due to the wide roving range that was 271 
used, the analysis of data from spectral cue conditions accounted for this possibility (see 272 
‘Analysis’). 273 
 274 
The factorial combination of the three listening configurations (Unaided, CROS-off, and 275 
CROS-on) and two stimulus types (level cue and spectral cue) created six experimental 276 
conditions. Participants completed 264 trials in each of these six conditions, resulting in a 277 
mean testing time of 14.5 minutes per condition (range 10.5 to 22 minutes). The trials were 278 
organised into 8 blocks of 33 trials to allow for an analysis of learning effects within each 279 
condition. The blocks always contained 11 trials for each of the three source locations (-60°, 280 
0°, and +60°) and these 11 trials were allocated a unique roving level in conditions where 281 
stimulus levels were roved (+10 dB in 2 dB steps). 282 
 283 
Performance was assessed across three separate testing sessions that were completed on 284 
three different days. A maximum delay of 15 days was permitted between testing sessions. 285 
In the first session, performance was assessed separately for the two stimulus types (level 286 
cue and spectral cue) while participants listened to the monaural Unaided recordings. The 287 
CROS-off and CROS-on listening configurations were completed in the second and third 288 
sessions, respectively. The order in which the stimulus manipulations were applied across 289 
the 12 participants and across sessions was counterbalanced to account for order effects. 290 
The listening configurations were always completed in the same order (Unaided, CROS-off 291 
and CROS-on). This approach provided participants with the maximum experience of 292 
listening monaurally unaided before their capacity to listen with a CROS device switched on 293 
was assessed. This design was adopted to maximise performance in the unaided conditions 294 
so as to achieve performance above chance levels and thereby increase the sensitivity of the 295 
study to any effects of CROS use on localisation in the horizontal plane. 296 
 297 
1.2.6 Training 298 
Participants completed an active training task prior to each of the six experimental 299 
conditions. The training was intended to familiarize them with the differing characteristics 300 
of sounds across the three possible source locations for each specific combination listening 301 
configuration (Unaided, CROS-off, and CROS-on) and stimulus type (level cue and spectral 302 
cue). The training also provided repeated exposure to stimuli with feedback that is 303 
necessary to learn both level and spectral cues to horizontal localisation (Kumpik et al. 304 
2010). On each trial of the training tasks, a sound was presented from one of the three 305 
locations. All three locations were then indicated on the visual projection screen. 306 
Participants were instructed to select the location from which they believed the sound had 307 
originated. Feedback was then provided by highlighting the actual source location. A total of 308 
30 training trials were completed in each condition prior to the start of testing. The 30 trials 309 
provided participants with 10 examples of a stimulus from each of the three sound locations 310 
(-60°, 0° and +60° azimuth). The training trials for conditions in which stimulus levels were to 311 
be roved provided participants with one example of each unique pairing of location and 312 
roving level (-10 dB to +10 dB in 2 dB increments excluding 0 dB). 313 
 314 
1.2.7 Analysis 315 
Performance on the spatial discrimination task in each of the six experimental conditions 316 
was quantified as the proportion of trials on which the correct location was chosen. An 317 
overall performance score was calculated in addition to separate scores for sounds from 318 
each of the three source locations. One-sample t-tests were used to compare mean 319 
performance levels to chance (33.3% correct).  320 
 321 
A repeated-measures ANOVA was used to assess performance in the level cue conditions to 322 
determine whether the listening configuration (Unaided, CROS-off, and CROS-on) and 323 
source location (-60°, 0° and +60° azimuth) influenced performance. Regression modelling 324 
was used to analyse performance in the spectral cue conditions as this approach enabled 325 
any effects of presentation level to be partialled out. Two regression models were 326 
constructed. A multinomial logistic model assessed whether the responses of participants 327 
(i.e. whether they chose -60°, 0°, or +60°) were influenced by the roved presentation level 328 
and, critically, whether their responses were related to the source location of the sound 329 
once presentation level was controlled for. A binary logistic regression model also assessed 330 
whether turning the CROS on had a significant effect on the accuracy of responses once 331 
presentation level was controlled for. A Generalised Estimating Equations (GEE) approach 332 
using an independence correlation structure was used to account for repeated observations 333 
from the same participant. 334 
 335 
Binary logistic GEE regression was also used to determine whether switching on the CROS 336 
changed the direction and size of the errors that participants made in both the level and 337 
spectral cue conditions. Two regression models were constructed. The first model analysed 338 
trials on which the actual stimulus came from the centre location (0°) and errors could be 339 
directed towards the deaf side or the hearing side. The second model analysed trials on 340 
which the actual stimulus came from the deaf or hearing side and on which errors could 341 
either be 60° (i.e. participants chose the centre location) or 120° (i.e. participants chose the 342 
opposite side). All regression models were computed using the Zelig package (Imai et al., 343 
2008) for the R statistical programming environment (R Core Team, 2016). 344 
 345 
1.3 Results 346 
Mean spatial discrimination performance levels and their 95% confidence intervals are 347 
shown in Figure 2. One-sample t-tests confirmed that performance was significantly more 348 
accurate than chance (33.3% correct) in all conditions. As predicted, monaural performance 349 
levels were similar when the CROS was not worn (unaided) and when the CROS was worn 350 
but turned off (CROS-off). Performance levels in the unaided and CROS-off conditions were 351 
not statistically-distinguishable (see ‘supplementary material A’ for details of an equivalence 352 
analysis). The results from the CROS-off and CROS-on conditions are therefore presented in 353 
the following sections (see ‘supplementary material B’ for the results from the unaided 354 
conditions). 355 
 356 
1.3.1 Analysis of level cue stimuli 357 
The left panel of Figure 3 shows the mean spatial discrimination performance for level cue 358 
stimuli at each source location. Performance was found to be more accurate than chance 359 
for all source locations in both listening configurations. The data were subjected to a 360 
repeated measures ANOVA with within subjects factors of listening configuration (CROS-off 361 
vs CROS-on) and presentation direction (-60°, 0° and +60°). Turning the CROS on impaired 362 
performance (F(1, 11) = 87.50, p < 0.001, η2p = 0.89) but the degree of impairment was 363 
found to vary between source locations (F(2, 22) = 4.62, p = 0.021, η2p = 0.30). Planned 364 
contrasts confirmed that relative to the reduction in accuracy for +60° stimuli (5% 365 
reduction), turning on the CROS significantly impaired accuracy to a greater extent for -60° 366 
stimuli (22% reduction; F(1, 11) = 7.52, p = 0.019, η2p = 0.41) and 0° stimuli (14% reduction; 367 
F(1, 11) = 7.15, p = 0.022¸ η2p = 0.39). 368 
 369 
This variation in spatial discrimination accuracy across source locations can be attributed to 370 
the fact that turning the CROS on reduced the difference in level between each pair of 371 
source locations in a non-uniform manner. Figure 4 shows the distribution of responses as a 372 
function of both source location and response location when level cue stimuli were 373 
presented. With the CROS turned off, spatial discrimination accuracy was similar for stimuli 374 
presented from -60°, 0°, and +60° (68%, 70%, and 75%, respectively). With the CROS 375 
switched on, the level difference was larger for the +60°/-60° pair (4.4 dB) and the +60°/0° 376 
pair (3.9 dB) compared to the -60°/0° pair (0.5 dB). Crucially, this latter difference falls 377 
below the 1 dB just-noticeable difference (JND) for changes in amplitude (Middlebrooks and 378 
Green, 1991). Therefore, it is to be expected that participants were unable, or at the very 379 
least found it very difficult, to discriminate between -60° and 0° stimuli. Hence, turning on 380 
the CROS significantly impaired spatial discrimination accuracy for the -60° and 0° source 381 
locations by degrading the difference in their levels that was previously a cue to their 382 
location. 383 
 384 
Logistic regression was used to examine the nature of the detrimental effect that CROS had 385 
on spatial discrimination accuracy for the -60° and 0° source locations. For trials on which 386 
the stimulus location was 0°, the regression analysis indicated that turning on the CROS 387 
significantly increased the likelihood of errors being made towards the deaf side rather than 388 
the hearing side (Odds Ratio 2.1, 95% CI 1.0 to 4.1). With the CROS off, 46% of all errors 389 
were towards the deaf side and that proportion increased to 63% when the CROS was 390 
switched on. An analysis of trials on which the stimulus location was -60° indicated that 391 
turning on the CROS significantly increased the odds of erroneously choosing the hearing 392 
side rather than the centre location (Odds Ratio 5.3, 95% CI 3.6 to 7.6). However, despite 393 
this significant increase only a small proportion of errors were towards the hearing ear 394 
(CROS-off 3%, CROS-on 15%). 395 
 396 
1.3.2 Analysis of spectral cue stimuli 397 
The right panel of Figure 3 shows the mean spatial discrimination performance level for 398 
spectral cue stimuli at each source location. With the exception of sounds presented from -399 
60° in the CROS-on condition, performance was found to be above chance for all source 400 
locations in both listening configurations. Visual inspection of the pattern of responses 401 
appeared confirm the expectation that participants’ choices would be influenced by the 402 
presentation level of the stimuli (see supplementary material C for a figure showing the 403 
distribution of response choices as a function of presentation level). Multinomial logistic 404 
regression modelling confirmed that participants’ response choices in the spectral 405 
conditions (independent of whether they were correct or not) were influenced by the roved 406 
presentation level of the stimuli (χ2(1) = 37.8, p < 0.001). After the effect of presentation 407 
level had been controlled for, responses still varied as a function of the source location of 408 
the sound (χ2(2) = 18.4, p < 0.001) suggesting that participants were using information other 409 
than the level of the sounds (presumed to be their spectral content) to select a response 410 
location. 411 
 412 
The binary logistic regression model indicated that accuracy of those responses was not 413 
influenced by the presentation level of stimuli (χ2(1) = 2.4, p = 0.125). This result is 414 
compatible with the fact that the wide roving range disassociated presentation level and the 415 
correct choice of source location. Overall performance was also similar across the three 416 
possible source locations (χ2(2) = 4.4, p = 0.113). After effects related to presentation level 417 
were controlled for, performance was found to be above chance in both the CROS off (mean 418 
accuracy 53.5%, 95% CI 49.5% to 57.4%) and CROS on (mean accuracy 44.8%, 95% CI 41.0% 419 
to 48.4%) conditions. Therefore, not only did spectral cues influence participants’ response 420 
choices, the cues were also sufficient to support some degree of spatial discrimination with 421 
the CROS turned on and off. 422 
 423 
Although participants were able to use spectral cues to some extent to determine source 424 
location, this ability was significantly impaired when the CROS was turned on (χ2(1) = 17.1, p 425 
< 0.001; mean decrease 8.6%, 95% CI 4.6% to 12.6%). The effect of signal re-routing was 426 
also found to have varied as a function of source location (χ2(4) =18.7, p < 0.001). When 427 
sounds came from -60°, performance was less accurate when the CROS was switched on 428 
(35.6%) compared to when it was switched off (55.7%) (19.9% decrease, 95% CI 11.1% to 429 
28.6%). In contrast, the accuracy with which sounds from 0° and +60° could be identified 430 
was similar regardless of whether the CROS was turned off or on (0°: CROS off 48.1%, CROS 431 
on 47.0%; +60°: CROS off 56.1%, CROS on 52.3%). 432 
 433 
It is plausible that the degradation in performance observed in the CROS on condition can 434 
be attributed to changes in the spectral pattern between the three source locations due to 435 
turning the CROS on. Figure 5 shows the fast Fourier transform (FFT) for stimuli recorded 436 
from each source location with the CROS turned off and on. This figure illustrates the CROS 437 
induced constriction of spectral differences between the source locations. Note that 438 
although turning the CROS on did change the pattern of spectral differences between the 439 
source locations (resulting in poorer overall performance driven by fewer correct -60° 440 
responses), differences between the locations still existed with the CROS device switched 441 
on, particularly at higher frequencies (>5 kHz) where the waveform is small enough to 442 
interact with the pinnae to provide spectral cues (Moore, 2012). This partial preservation of 443 
spectral differences is likely to be responsible for the above chance performance observed.  444 
 445 
1.4 Discussion 446 
The results confirmed the expectations that participants would be able to discriminate 447 
above chance levels between sounds from different locations using both monaural level and 448 
spectral cues (hypothesis 1), that under carefully controlled conditions with an adequately-449 
powered sample it would be possible to demonstrate detrimental effects of CROS use on 450 
localisation in the horizontal plane (hypothesis 2), and that these effects were due to the re-451 
routing of signals rather than any occlusion of the hearing ear (hypothesis 3). The results 452 
also demonstrate how CROS use affects the availability and use of monaural level and 453 
spectral cues to horizontal sound location, which had not been examined previously 454 
(Kitterick et al., 2016). 455 
 456 
CROS disrupted access to monaural level cues by overcoming the head shadow effect; that 457 
is, by minimizing the difference in level between sounds originating on the deaf and hearing 458 
sides of the head (Pumford, 2005). The confirmation of this detrimental effect is particularly 459 
unfortunate as both the current study and previous research has demonstrated that 460 
monaural listeners show a preference to use level cues over spectral cues and are more 461 
accurate at discriminating source locations in the horizontal plane when using level cues 462 
(van Wanrooij & van Opstal, 2004). The CROS fitting process therefore represents a trade-463 
off between maximising access to sound on both sides of the head (its intended effect) and 464 
preserving differences in level that can be a useful cue to sound location. 465 
 466 
The current study also found evidence that CROS disrupts access to what are referred to 467 
here as ‘spectral cues’. The use of spectral cues typically refers to the exploitation of high-468 
frequency pinnae cues to determine sound source elevation and to resolve front-back 469 
confusions (Wightman & Kistler, 1997). In the present context, they refer to spectral 470 
information that monaural listeners can exploit to achieve above-chance levels of 471 
localisation in the horizontal plane (Shub, Carr, Kong & Colman, 2008; Kumpik, Kacelnik & 472 
King, 2010; Rothpletz, Wightman & Kistler 2012). The capacity of monaural listeners to use 473 
spectral cues for vertical and horizontal localisation has been observed to be highly 474 
correlated, possibly indicating that similar stimulus features may underpin both abilities, 475 
and that the use of spectral information for horizontal localisation can be of limited use 476 
outside of the hearing hemifield (van Wanrooij & van Opstal, 2004). The precise mechanism 477 
that drives the ability to utilise spectral cues to localise in the horizontal plane remains 478 
unclear, but in the absence of binaural interaural cues the auditory system appears to be 479 
able to learn to distinguish between spectral cues that code elevation from those that code 480 
position in the horizontal plane (Agterberg et al., 2014). The process of learning to use 481 
spectral information for horizontal localisation has been shown to require repeated 482 
exposure to stimuli with stable and predictable spectral content (Kumpik et al. 2010). 483 
 484 
Although CROS impeded the ability to localise both level and spectral cue stimuli, 485 
performance was significantly poorer in the spectral cue conditions relative to the level cue 486 
conditions across every listening condition (Fig. 2). In fact, the best performance observed 487 
for spectral cue stimuli (CROS off) was still poorer than the worst performance observed for 488 
level cue stimuli (CROS on). The limited accuracy with which participants could use spectral 489 
cues arose despite the use of a testing methodology that aimed to maximise their use; i.e. 490 
by constraining the spectral content of the sound source to be constant across trials 491 
(Kumpik et al. 2010) and using only a limited number of source locations (-60°, 0°, and +60°). 492 
Numerous studies have documented the difficulties that listeners have with using monaural 493 
spectral cues to determine source location (Jin, Corderoy, Carlile & van Schaik, 2006; 494 
Rothpletz et al., 2012). However, it is perhaps encouraging that CROS use does not appear 495 
to completely remove the availability to use level and spectral cues given that they can be 496 
exploited by at least some experienced monaural listeners (Newton, 1983; Shub et al., 497 
2008). 498 
 499 
The present findings point to a detrimental effect of CROS on horizontal sound localisation 500 
that was consistent in magnitude and direction across individuals (all participant scores 501 
decreased with CROS use). This conclusion contrasts with the inconsistent nature of the 502 
evidence from clinical studies of the effect of CROS on sound localisation in monaural 503 
listeners (for systematic reviews see Peters et al., 2015; Kitterick et al., 2016). The extent to 504 
which CROS disrupted monaural cues to sound location may have varied across these 505 
clinical studies due to a wide range of factors including differences in the choice of stimuli 506 
(with particular reference to the decoupling of level and spectral cues), the choice and 507 
number of source locations, the use of discrete or continuous response methodologies 508 
including the use of pointing methods, whether the source locations were visible or not, and 509 
the size of the roving range applied. For example, the use of a small number of loudspeakers 510 
as in the current study would be expected to minimise the difficulty of the task when 511 
listening monaurally and therefore maximise the size of any detrimental effects of CROS 512 
use. There may also have been differences in the methodology used to fit the CROS device; 513 
the current study used Real Ear Measurements (REMs) to verify the CROS fitting according 514 
to an established protocol (Pumford, 2005). It is possible that the prescriptions in clinical 515 
studies will have been based solely on a patient's audiogram and not verified using REMs, 516 
the so-called ‘click-and-fit’ approach. If so, that approach would have been unlikely to 517 
minimise the availability of monaural cues consistently and to the extent achieved in the 518 
current study due to variability in the size of the head shadow effect across individuals. 519 
Finally, by simulating monaural hearing in binaural subjects with normal hearing thresholds, 520 
the current study minimised variability in high frequency hearing loss, which can affect 521 
monaural localisation abilities (Agterberg et al., 2014). 522 
 523 
Monaural listeners place a high value on restoring sound localisation, rating it second in 524 
importance only to speech perception in noise (McLeod, Upfold & Taylor, 2008). The 525 
present findings confirm that CROS does not improve localisation in the horizontal plane 526 
under ideal fitting and testing conditions and in fact impedes localisation. An immediate 527 
implication of this research is to ensure that patients’ expectations are managed about the 528 
intended purpose of CROS devices; that is, to improve access to sound on the side of the 529 
deaf ear. Setting appropriate expectations could avoid non-use due to a lack of benefit to 530 
sound localisation. It could also be useful to characterise the spatial listening abilities of a 531 
monaural listener prior to CROS fitting as previous work has shown a high degree of inter-532 
individual variability (Agterberg et al., 2014; van Wanrooij & van Opstal, 2006). Those 533 
patients who demonstrate an ability to use monaural cues may require a CROS prescription 534 
that trades some access to sound on the deaf side for access to level differences between 535 
sounds on either side of the head. For all patients, the information provided about the CROS 536 
device should serve to make them aware of the potential deleterious effects on spatial 537 
listening and empower them to determine when it may be appropriate to use it and when 538 
its use may be counterproductive. 539 
 540 
1.4.1 Summary 541 
The present results demonstrate that CROS use disrupts the availability of monaural level 542 
and spectral cues to localisation in the horizontal plane. Ultimately, accurate sound 543 
localisation requires two functioning ears and existing solutions to restore binaural hearing, 544 
such as cochlear implantation, are invasive and expensive and are not available or indicated 545 
for all patients. The difficulties that impaired spatial hearing creates and the importance 546 
that unilaterally-deaf patients place on restoring their ability to localise are strong 547 
motivators for developing novel CROS fitting methodologies that minimise these deleterious 548 
effects or alternative interventions that could support some level of spatial awareness and 549 
localisation ability in individuals with only one functioning ear. 550 
 551 
 552 
 553 
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Figure 1: Real Ear Aided Response (REAR) measurements expressed in db Sound Pressure 
Level (SPL) for stimuli presented towards the deaf side (black line) and towards the hearing 
side (grey line) with the CROS device worn and turned on. The inset shows the difference in 
dB between the two measurements at each frequency and indicates that the difference was 
within the 5 dB (250 to 2000Hz) and 8 dB (3000 to 4000Hz) tolerances recommended by the 
British Society of Audiology (2014).  
Figure 2: Mean spatial discrimination performance levels in percent correct across the six 
experimental conditions (defined by three listening configurations and two stimuli types) 
and their 95% confidence intervals. Chance performance is represented by a horizontal 
dotted line. 
Figure 3: Mean percentage of correct responses for each presentation direction with the 
CROS turned off (solid lines) and on (dashed lines) for level cue stimuli (left panel) and 
spectral cue stimuli (right panel). Error bars represent 95% confidence intervals and chance 
performance is represented by the dotted line. 
Figure 4: Bubble plot of response choices as a function of source location and presentation 
level for the level cue stimuli with the CROS turned off (top panel) and turned on (bottom 
panel). The number of responses is represented by the size of the circle and the source 
location is indicated by their colour. The sounds pressure level recorded at the hearing ear is 
represented by the position of the circle on the x-axis in A-weighted dB SPL (dBA).  
Figure 5: Fast Fourier transforms (FFTs) of the spectral cue stimuli for each source location (-
60°, 0° and +60°) with the CROS turned off (top panel) and on (bottom panel). 
 
Supplementary material A: Analysis of statistical equivalence between spatial discrimination 
performance in the Unaided and CROS-off conditions conducted to confirm the hypothesis 
that monaural localisation performance would be similar in both listening configurations. 
Supplementary material B: Performance levels in the unaided conditions not shown 
graphically in Figures 3 and 4. 
Supplementary material C: Figure showing the mean number of times participants chose 
each response location (top panels: -60°, middle panels: 0° bottom panels +60°) when the 
was CROS turned off (left panels) and on (right panels) as a function of roving level. Within 
each panel, response curves are plotted separately for each of the three source locations 
(solid lines: -60°, dashed lines: 0°, dotted lines: -60°). Error bars plot 95% confidence 
intervals. 





Supplementary Material A: Analysis of equivalence between the Unaided and CROS-off 1 
conditions. 2 
 3 
An equivalence analysis was conducted to confirm the hypothesis that monaural localization 4 
performance would be similar when listening to the Unaided and CROS-off recordings. The 5 
‘two one-sided tests’ (TOST) test was used to assess equivalence. To inform this analysis, it 6 
was necessary to define the smallest change in performance that would be considered 7 
meaningful. In the absence of a definition of what constituted a meaningful change on the 8 
spatial discrimination task that could be specified a priori, the smallest detectable change 9 
that could be reliably detected by the task (SDC) was used as the threshold for equivalence. 10 
 11 
The SDC was calculated using a three-step process. First, intra-class correlation coefficients 12 
(ICC) were calculated between performance in the first and second halves of other available 13 
monaural conditions (CROS-on spectral cue ICC: 0.79; CROS-on level cue ICC: 0.90). Second, 14 
these ICC values and the standard deviation within the first half of each condition (spectral 15 
cue 6.3%, level cue 6.6%) were used to derive an estimate of the standard error of 16 
measurement (SEM: spectral 2.9%, level 2.1%). Third, these SEM values were used to 17 
determine the SDC; i.e. the smallest change in accuracy that was reliably detectable. The 18 
SDC was estimated to lie between 5.7% (CROS-on, spectral cue conditions) and 8.0% (CROS-19 
on, level cue conditions). The more conservative of these two estimates (5.7%) was used as 20 
the threshold for the equivalence analysis. Using this threshold, TOST tests confirmed that 21 
performance was equivalent in the unaided and CROS-off conditions for both the spectral 22 
cue conditions (mean difference -1.8%, 95% CI -1.4% to 5.0%) and level cue conditions 23 
(mean difference 1.5%, 95% CI -1.3% to 4.4%). Thus, wearing the CROS device while 24 
switched off did not influence localisation accuracy in a manner that could be distinguished 25 
from measurement error. 26 
Supplementary Material B: Performance levels in the unaided conditions not shown 
graphically in Figures 3 and 4. 
Table 1: Mean percentage of responses, SD and 95% CI’s for each stimuli manipulation (level cue and 
spectral cue) and source location (-60°, 0° and +60°) combination in the unaided conditions. 
Stimuli Type Source Location Mean (%) SD 
Level -60° 68.6 9.8 
Level 0° 68.9 17.0 
Level +60° 74.0 12.7 
Spectral -60° 50.5 6.1 
Spectral 0° 45.2 4.5 
Spectral +60° 54.7 4.8 
 
Table 2: Mean percentage of responses for each source location (-60°, 0° and +60°) and response 
direction (-60°, 0° and +60°) combination for level cue stimuli in the unaided conditions. 
Source location -60° 
Responses 
0° 
Responses 
+60° 
Responses 
-60° 68.6% 28.6% 2.75% 
0° 13.5% 68.9% 17.6% 
+60° 2.1% 24.0% 74.0% 
 

